Occupational exposure to toluene diisocyanate (TDI) is a known occupational hazard and the occupational exposure limits in air are very low. One of the most common methods to monitor exposure to isocyanates is to sample air through filters impregnated with 1-(2-methoxyphenyl) piperazine (2MP). In one earlier field study it was found that long-term sampling with 2MP-filters underestimated the exposure compared with consecutive short term samples of TDI. The aim of this study was to confirm that finding in a controlled atmosphere in the laboratory. A test atmosphere of 2,4-TDI or 2,6-TDI was generated in a small test chamber and parallel long-term samples and consecutive short-term samples were collected. A total of 159 filters were exposed. The long-term samples collected significant lower amounts of TDI than the sum of the short-term samples. For a 4-hour sampling, the air levels were calculated to underestimate the exposure for 2,4-TDI by a factor 1.4 and for 2,6-TDI by a factor 1.3. The calculated underestimation was lower than earlier reported.
Introduction
Toluene diisocyanate (TDI) commercially exists as a mixture of 2,4 and 2,6 isomers and are mainly used in the manufacture of polyurethane (PUR). Occupational exposure to TDI can occur during production of TDI (Dharmarajan et al., 1978) or PUR based on TDI or refining of PUR (Sennbro et al 2004b) for example by thermal decomposition. Exposure to isocyanates is associated with respiratory disorders such as occupational asthma (Vandenplas et al., 1993 , Baur et al., 1994 .
The most common way to control exposure for isocyanates is to perform air sampling with subsequent determination of the isocyanates at the laboratory. As isocyanates are very reactive compounds they need to be derivatised during the sampling step. One way to sample isocyanates is to use filters impregnated with 1-(2-methoxyphenyl) piperazine (2MP) as first shown by Warwick et al. (1981) . This method has been further developed in several steps (Health and Safety Laboratory 1999, Östin et al., 2002) . Henriks-Eckerman et al. (2000) introduced a method for sampling methylisocyanate and isocyanic acid using two filters impregnated with 2MP (FINMP-method) . In earlier studies the formed 2MP-isocyanate derivative has been shown to have limited stability (NIOSH 1994) and the long-term performance has been insufficiently described. In an evaluation of the long-term field performance of the 2MP-method Sennbro et al. (2004a) showed that significant lower levels of TDI were found for long-term samplings compared to parallel consecutive short time samplings. Sennbro et al. introduced a correction factor for long-term sampling of TDI with the 2MP-method: The aim of this study was to evaluate the long-term sampling performance of TDI using both the 2MP-method and the FINMP-method in an exposure chamber. were each impregnated with 20.8 µmol 2MP.
Material and method

Preparation of filters
Generation of a TDI atmosphere and sampling
5
A small test chamber (60 l) of glass was used for generation of a standard atmosphere of 2,4-TDI and 2,6-TDI. A similar generation technique as in Tinnerberg et al. (1995) was used. The generation was based on gas-phase permeation trough a silicone rubber tube with an inner diameter of 8 mm and a thickness of 2 mm (Saint-Gobain, Charny, 
Long-term sampling
The sampling performance of the 2MP-and the FINMP-method was studied by comparing the amount of collected isocyanate for long-term sampling with the sum of the amount with parallel consecutive short-term samplings. Sampling were performed inside the chamber where eight to ten filters were connected to a critical nozzle (about 1 l/min) and a pump (Gast, Model DOA-P109-FD, MFG. Corp. Benton Harbor, MI, USA). A flow meter (DryCal, DC-lite, Scantec Lab. Sävedalen, Sweden) was used for controlling each filter flow before and after the sampling. Immediately after sampling the filters were transferred to glass vials containing acetonitrile. When changing filters for consecutive short term sampling the isocyanate flow was turned off and the ventilation air was used. The sampling times varied between 20 and 180 minutes.
Totally 159 filters were sampled and the sample sets consisted of long-term samples 6 (L 1 -L 6 ), short-term samples (S 1 -S 36 ) and both long-and short-term samples (LS 1 -LS 11 ) (Table 1 and 2). The total airborne TDI concentration in the standard atmosphere was between 6 and 104 μg/m 3 (6 and 51 μg/m 3 and 0.5 and 53 μg/m 3 for 2,4-TDI and 2,6-TDI, respectively) which is relevant exposure levels in comparison with common occupational exposure limits.
The amount of TDI collected by long-term sampling and the sum of amounts collected for short-term sampling was compared by paired t-test and Wilcoxon signed rank test. The constant k in the correction factor introduced by Sennbro et al. (2004) was calculated for each sample set.
Analysis and quantification
Standards for quantification were prepared according to the procedure described in ng/sample for both 2,4-TDI and 2,6-TDI.
Results Table 3 and 4 shows the results in μg TDI/sample of the long-term sampling performance of the 2MP-and the FINMP-method. Each filter amount is corrected for the filter airflow and the results are shown as the mean value of 2-5 filters. The average relative standard deviation (RSD %) is showed for each sample set (n = 2-5).
There was no difference between the calculated values of k for the 2MP-method and the FINMP-method. Wilcoxon signed rank test of k between the methods gave p=0.59
for 2,4-TDI and p=0.86 for 2,6-TDI. Due to these findings the results from the two methods are treated together.
Paired t-test and Wilcoxon signed rank test showed that lower amounts were sampled with long-term sampling than with the sum of short-term samplings for both 2,4-TDI (p=0.012 and p<0.001) and 2,6-TDI (p=0.002 and p=0.001).
The calculated first order constant k was on average 0.18 h -1 for 2,4-TDI and 0.12 h -1 for 2,6-TDI. For a 4-hour sampling, the air levels are underestimated by a factor 1.4
for 2,4-TDI and by a factor 1.3 for 2,6-TDI.
Discussion
The aim of this study was to confirm the underestimation of TDI air levels using the 2MP method for long-term sampling as shown by Sennbro et al. (2004a) . In that study a limited number of samples in real work environment were sampled and there was a rather large standard deviation, but the trend was clear that with longer sampling times the true air levels were underestimated. We have in this study with higher 8 accuracy confirmed that the 2MP-method underestimate the true concentration of TDI in air when using it for longer sampling times. However we found that the underestimation of TDI was smaller than calculated by Sennbro. When using the 2MP-and FINMP-filters for 4 hours 2,4-TDI was underestimated by a factor 1,4 and 2,6-TDI by a factor of 1,3. Sennbro et al (2004a) calculated these values to be 1.7 for the 2,4-TDI and 1.5 for the 2,6-TDI.
The reasons for the found underestimation of TDI in long-term sampling with the 2MP-method is however still not clear. One possibility is that the isocyanates does not reach to the reagent fast enough and reacts with something else before it reaches the reagent. If that would be the case it would be a concentration dependent and not time dependent underestimation, and we have not seen that. Further if that would be the case the amount of reagent on the filters could possible enhance the possibility for the isocyanates to reach the reagent, that means that by using the FINMP method the losses would be less than using the original method as the FINMP has much more reagent on the filter. However we did not see any differences in the underestimation with the two methods. Further, in a few experiments we separately analysed the two filters when using the FINMP method, but we did not found any break trough.
Another possibility is that the formed 2MP-derivative degrades on the filters. In some earlier studies it is shown that the isocyanate-2MP derivative can degrade (NIOSH 1994 , Kääriä et al. 2001 , Henricks-Eckermann et al. 2000 . To investigate that further we performed a small experiment were we spiked filters with TDI-2MP derivative and pumped air trough the filter. Afterwards we performed qualitative analysis with LC-MS/MS and compared the spiked sampled filters with spiked unsampled filters.
We found several extra peaks on the sampled filters but we could not identify the structure. When the same experiment was repeated other unidentified extra peaks 9 were found. We interpret this as there in fact is a degradation of the derivative or of the reagent but it was not reproducible. To test that the decrease of derivate is not due to breakthrough on the filter, back-up filters were placed in series with the spiked filters and the filter cassettes were rinsed with acetonitrile. Neither the back-up filter nor the acetonitrile contained any substantial amounts and this verifies that no derivative was detached from the filters during sampling that could explain the degradation.
In the work environment the exposure to isocyanates are typically intermittent. This means that the underestimation of the exposure will be different for different exposure background for developing OELs the calculated OELs will be to low which will lead 10 to overprotection of the workers. Further if the method is used for a longer time than four hours, i e for a whole day, the underestimation is considerable. 
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